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EXECUTIVE SUMMARY

The Magnuson-Stevens Fishery Conservation and Management Act requires the
identification of Essential Fish Habitat (EFH) for Federally managed fishery species in
our Nation's marine and estuarine environments. The intent of this study is describe and
discuss a method that can help estuarine resource managers define EFH; this work is
currently under joint development between the National Marine Fisheries Service's
Southeast Fisheries Science Center (NMFS/SEFSC) Galveston Laboratory and the
National Ocean Service's National Centers for Coastal Ocean Science (NOS/NCCOS)
Biogeography Program. An analysis of nekton density data in Galveston Bay, Texas was
conducted to quantitatively isolate patterns of habitat utilization, based on species
abundance, that could potentially be used to define EFH by the Gulf of Mexico Fishery
Management Council. Results of this analysis were coupled with a geographical
information system (GIS) to provide a spatial mosaic of potential EFH. Nekton densities,
from 3,864 drop samples taken over a 16 year period in Galveston Bay, were analyzed to
evaluate habitat utilization between vegetated marsh edge (ME), submerged aquatic
vegetation (SAV), and shallow non-vegetated bottom (SNB) by brown shrimp
(Farfantepenaeus aztequsvhite shrimp itopenaeus setiferyisand pinfish Lagodon
rhomboide¥ Although pinfish is not Federally managed, it was selected as a test finfish
candidate for the development of the described analytical technique based on data
availability. The analysis was further partitioned along seasonal temperature and salinity
gradients to explore the extent to which deterministic and/or stochastic factors influence
habitat selection. Multiple regression (GLM) was used to develop predictive models
based on classified data. Prediction formulae were then applied to habitat geographies in
the GIS. The resultant density estimates provided a measure of habitat selection, and
subsequently, enable spatial representation and assessment of potential EFH.

The brown shrimp model provides a good example of this approach. Three
significant discrete regressors were used to model brown shrimp density: season (p =
<0.0001); habitat type (p = 0.0009); and salinity (p = <0.0001). Overall, the model
predicted significantly greater densities in high salinity (> 25 ppt) ME and SAV habitats
(p = <0.0001) explaining 83% of the variance. The model was applied in adjacent
estuaries (Aransas, Matagorda, and San Antonio Bays) and regression analysis revealed
similar habitat utilization patterns in these systems (p = <0.0001). Mapped model results
in Galveston Bay revealed a more spatially resolved delineation of potential EFH than
existing EFH maps based on ELMR relative abundance data.
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INTRODUCTION

Historically, fishery management practices in the U.S. have focused on assessing
stock size and controlling fishing mortality. The Magnuson-Stevens Fisheries
Conservation and Management Act of 1996 (MSFCMA) mandates the conservation and
management of fishery habitats as an integral component of federal fishery management
programs. The National Marine Fisheries Service (NMFS) has developed guidelines to
identify EFH based on certain levels of available information that explore the ecological
linkages between habitat and fishery production. The most basic level of available
information (Level 1, presence/absence data) mainly provides the geographic range of an
organism and does little to determine ecological linkages. An examination of habitat use
patterns using Level 2 data (habitat-related densities) is needed to determine what
habitats are likely to be essential. These patterns are measurable and can be reasonable
indicators of habitat value. Considerable variation in structural habitat exists in northern
Gulf of Mexico estuaries including, intertidal marsh, submerged aquatic vegetation,
oyster reef, mangroves, tidal mudflats, and subtidal bay bottom. Within each of these
habitat types there exists numerous physical and structural gradients, which may affect
the functional role or importance to a particular species. For example, many estuarine
species have been observed to show a physiological and subsequent secondary behavioral
response (avoidance/taxis) to salinity within an estuary (Christensen et al. 1997).
Elevation and proximity to open water have been observed to affect habitat use in
intertidal marsh habitats (Rozas and Reed 1993; Minello et al. 1994; Peterson and Turner
1994; Minello and Webb 1997). Differences in sediment texture in nonvegetated habitats

have been related to differences in shrimp (Williams 1958; Rulifson 1981) and fish



(Keefe and Able 1994; Moles and Norcross 1995) distributions. Therefore, not all
habitats are of equal importance to the maintenance of a population (Zimmerman et al.
1990b), and the degree to which a specific area of habitat is considered to be essential
may change with dynamic gradients.

Both theoretical and empirical studies indicate that dynamic behavior of natural
populations is a result of some mixture of density-dependent factors which tend towards
stasis and stochastic factors which impose entropy on natural communities and yield
unpredictable population fluctuations (Strange et al. 1986). Understanding estuarine
community structure and habitat utilization will depend on our knowledge of how these
density-dependent and density-independent processes synergistically regulate fish
populations (Christensen 1996). Capone and Kushlan (1991) identified interspecific
resource competition and predator-prey interactions as the most important density-
dependent (deterministic) processes influencing fish community structure and these
relationships are controlled by habitat availability. In contrast, variations in physico-
chemical gradients, such as salinity, are the overriding density-independent or stochastic
processes.

In this analysis, nekton density data were combined with statistical models to
assess EFH in Galveston Bay, Texas. Vegetated estuarine habitats are known to be
valuable nursery areas for fishery species (Gunter 1941, 1961; Hildebrand and Gunter
1953; St. Amant et al. 1962; Zein-Eldin 1963). However, most interhabitat comparisons
of animal densities have been between seagrass and non-vegetated bottom (Williams et
al. 1990; Sheridan 1992; Valentine et al. 1994). Limited comparisons of nekton density

are available between tidal marsh and nonvegetated bottom (Zimmerman and Minello



1984; Minello et al. 1991, 1994), while comparisons between tidal marsh and seagrass
are rare (Thomas et al. 1990; Heck et al. 1994). Minello (1999) summarized the available
data on nekton density patterns in estuaries of Louisiana and Texas. An innovative
approach has been developed in this joint effort between NMFS/SEFSC/Galveston
Laboratory and the National Ocean Service/National Centers for Coastal Ocean
Science/Center for Coastal Monitoring and Assessments (NOS/NCCOS/CCMA) to
construct predictive models that compare habitat use patterns and interactions with
density-independent (stochastic) processes (salinity, temperature, etc.) in Galveston Bay.
Sixteen years of nekton density data collected from three distinct structural habitat types,
marsh edge, submerged aquatic vegetation, and submerged nonvegetated bottom, were
analyzed to identify potential EFH for federally managed species. Multivariate models
were developed for individual species, examining density patterns among estuarine
habitats and responses to stochastic processes. Model results were then combined with a
Geographic Information System (GIS) to provide a spatial mosaic of potential EFH. This
approach provides a tool for fishery managers to make habitat comparisons for different
managed species and examines relationships between temporal, spatial and ecological

factors and habitat utilization.

METHODS

Geographic Setting

The Galveston Bay complex encompasses approximately 2,02@ukdhis one of

the largest estuaries in the northern Gulf of Mexico (NOAA 1990). Comprised of several



major embayments, including Trinity, Galveston, East, and West Bays, the complex
contains many smaller interconnecting subbays, rivers, streams, tidal creeks, wetlands,
reefs, and tidal flats around its periphery (Figure 1). The estuarine system is isolated
from the Gulf of Mexico by Bolivar Peninsula, Galveston Island, and Follet’s Island and
is connected only by Bolivar Roads, Rollover Pass, and San Luis Pass.

The bay bottom is mostly flat and shallow with slightly elevated oyster reefs,
more elevated dredge material areas, river channels and deeper dredged navigation
channels. The shoreline consists of salt marsh, upland bluffs, tidal flats, sand or shell
beaches and developed are&partina alterniflorais the dominant shoreline vegetation.
Sediments are generally abundant, muddy and nutrient rich. The bay receives most of its
freshwater from the Trinity River, but contributions from the San Jacinto River, Buffalo
Bayou, and other peripheral inflows may be locally significant (Orlando et al. 1993). On
average, the Trinity River contributes 83% of gauged inflow, while the San Jacinto
contributes an estimated 8%. Remaining estimated freshwater inflow comes from the
Houston Ship Channel (HSC), Buffalo Bayou, and Chocolate Bayou. Approximately 3%
of the total freshwater flow into the system comes from ungauged sources. Mean water

depth of the Galveston Bay complex is 2 m at mid-tide level.

Data Collection and Compaosition

Data were collected from published studies by Czapla (1991), Minello et al.
(1991), Minello and Zimmerman (1992), Minello and Webb (1997), Rozas and Minello
(1998), Zimmerman et al. (1984, 1989, 1990a, 1990b), Zimmerman and Minello (1984),
and various unpublished data from the Galveston Laboratory of the National Marine

Fisheries Service. All samples were collected using a drop trap sampler which employs a
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large cylinder (1.0 or 2.6 frarea) released from a boom affixed to a boat to entrap
organisms (Figure 2). Entrapped fauna are captured using dip nets while the water is
pumped out of the sampler. When the cylinder is completely drained, all remaining
animals are picked up by hand. This technique was designed to sample fishes and
macroinvertebrates in highly-structured shallow-water habitats such as saltmarshes,
seagrass beds, and oyster reefs where the more conventional trawl and bag seine catch
efficiencies are diminished. Zimmerman et al. (1984) provides a more complete
description of the sampling protocol.

Nekton densities, from a total of 3,864 drop samples (Figure 3) taken over a 16
year period, were analyzed from Galveston Bay to evaluate habitat selection between
vegetated marsh edge (ME), submerged aquatic vegetation (SAV), and shallow non-
vegetated bottom (SNB) by brown shrirRprfantepenaeus aztec@®rmerly Penaeus
aztecusPerez-Farfante and Kensley 1997), white shiuihgpenaeus setiferugormerly
P. setiferus Perez-Farfante and Kensley 1997), and pinfislgodon rhomboides
Although pinfish is not federally managed, it was selected as a finfish candidate for the
development of the described analytical technique based on relative high densities in

habitat types examined.

Habitats

Structural habitat types were classified into the following summary habitats for
analysis (Figure 4):
Marsh Edge (ME) - intertidal marsh within 5 meters of open water habitat. This class
consists primarily of saltmarsh cord gréSpartina alterniflora) and smaller proportions

of salt meadow-grasSpartina patens)Black needlerusliJuncus roemerianus}kalt
grasy(Distichlis spicata) bullrushegScirpus spp,)and cattail§Typha spp.).




Figure 2. NMFS personnel deploying 2.6 m drop sampler.
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Figure 4. Structural habitat types within Galveston Bay. Panel A shows a highly
reticulated salt marsh containing a large amount of marsh edge (ME). Panel B
shows typical marsh edge (ME) with adjacent shallow open water habitat (SNB) in
the Galveston Bay complex during high tide. Panel C shows a mixed seagrass bed,
prmarily Syringodium, and panel D shows a typical exposed oyster reef during low
tide.



Submerged Aquatic Vegetation (SAV)- consists primarily of shoalgrasdglodule
wrightii), wigeongrassRuppia maritimg, and a sporadic distribution of wild celery
(Vallisneria americana

Shallow Nonvegetated Bottom (SNB) generally restricted to waters less than 1 meter
deep, including creeks, ponds, shoreline, and open bay habitat.

Density data were also available for inner marsh, defined as marsh more than 5 m
from open water, and consisted primarily $partina alterniflora S. patens and
Distichlis spicata.lnner marsh data were limited, therefore, mean values were calculated

by salinity zone, where present, and mapped to provide a measure of utilization.

Statistical Analyses

Density values (numberAnwere calculated for all fish and decapod crustaceans
at all sample locations. Mean nekton densities were positively related to the standard
deviation indicating that the analysis of variance (ANOVA) assumption of homogeneity
of variance was not met, and a natural log transformation was used to correct the
heteroscedacity in the density data. Once transformed, a forward-stepwise multiple
regression (GLM) procedure was used to identify nekton density predictors. Season,
habitat type, and salinity zone were identified as significant density predictors and the
data were averaged by these variables to develop a mean log-density matrix for all
possible season/habitat/salinity combinations. The resultant mean log-density matrices
were then used to develop spatially-explicit multivariate models to predict the likelihood

of locations of maximum habitat use.

10



The standard multiple regression equation can be expressed as:

N
Y=a+ b X +h,X+ ...+ X,

Where the estimate of the dependent variable is a functignnafependent variables,,

X, . . ., % The partial coefficienth) denotes the regression coefficientYoon
variableX; that one would expect if all other variables in the regression equation were
held constant. The "P-to-enter" nominal probability level for the whole model test was
set to 0.05 for the selection process (Sokal and Rohlf 1995). Because our intent was to
elucidate differential habitat use, models were developed for months when the animal
was in substantial abundance. As such, temporal subsets were extracted from the data
matrix using only those months exceeding the median of mean monthly log transformed
density values. This reduced dataset was weighted by sampling effort in each prediction
formula for each habitat combination (salinity zone x season x habitat). This technique
can be used to maintain reliability in a dataset with disproportionate sample sizes (Sokal
and Rohlf 1995). Prediction formulae were then applied to digital habitat geographies in
the GIS. The density estimates were then classified into 5 equal quantiles based on the
resultant density distribution: 0-20% = red; 20-40% = orange; 40-60% = yellow; 60-80%

= green,; and, 80-100% = blue, and subsequently mapped in the GIS (Figure 5).

Spatial Framework

Once the models were developed, geographic covers corresponding to the
regression predictors were developed using the ARC/VIEW geographical information
system (GIS). Several environmental coverages were developed as the underlying

framework for populating biological model predictions into the GIS, including: 1) an

11



Quantiles
maximum 100% 11.5
80% 6.4
& 60%  3.47
& median  50.0%  2.69
P 40% 1.63
@ 20% 0.58
S minimum 0% 0
D
© Mean 3.49
D Std Dev 3.34
a Std Error Mean 0.56
Upper 95% Mean 4.64
Lower 95% Mean 2.34
N 35

Frequency

Figure 5. Classification scheme used in mapping density estimates, example brown
shrimp.

annualized salinity coverage, 2) bathymetry, 3) submerged aquatic vegetation, and 4)
emergent vegetation.

NOAA/NOS developed a map of mean annual salinity distribution throughout the
Galveston Bay complex (Figure 6). Approximately 200,000 data points were
interpolated (inverse distance weighted, eight nearest neighbors), and mapped. This
analysis revealed a large expanse of water in West and Lower Galveston Bays with
salinities consistently exceeding 25 ppt. The central portion of Galveston Bay ranged, on
average, between 15-25 ppt, while Upper Galveston and East Bays ranged from 5-15 ppt.
Trinity Bay exhibited lowest mean salinities, ranging from 0-5 ppt.

Galveston Bay bathymetry data were obtained from GEODAS (Geophysical Data

System), an interactive database management system provided by NOAA’s National

12
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Geophysical Data Center (NGDC). Approximately 400,000 depth soundings were
inverse-distance weighted examining eight nearest neighbors to interpolate a high
resolution bathymetric coverage (Figure 7).

Wetland geographies were obtained through the U.S. Fish and Wildlife Service’s
National Wetlands Inventory (NWI). The NWI are digitized aerial photographs of
coastal wetlands. NWI digital data files contain records of wetland location and
classification as defined by the U.S. Fish and Wildlife Service (Cowardin et al. 1979).
Digital data were stored in 7.5 minute by 7.5 minute grids containing ground planimetric
coordinates of wetland point, line, and area features and wetland attributes. Galveston
Bay NWI data were collected during 1989. In the analyses, NWI data for regularly
flooded emergent wetlands (E2ZEM1N) were equated with marsh edge habitat, and
E2EM1P represented inner marsh habitat (Figure 8). Areas designated as E2ZEM1N
contain a large amount of marsh edge, however, they are generally a mosaic of ME, SNB,
and inner marsh. Consequently, the geographic cover for ME is not exclusive. Similarly,
areas designated E2ZEM1P contain a mixture of ME, SNB, and inner marsh. The SAV
coverage was derived using the E1IAB3 NWI classification. The total area of SAV was
approximately 5.5 kfy however, White et al. (1993) discovered several errors in E1IAB3
classification. These areas identified were omitted, and the total area was reduced to 4.5
km?,

All vector data were rasterized to 10 x 10 meter ()@esolution to make use of

Arc/View's spatial analyst inter-grid processing environment. This allowed us to apply

14
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the calculated prediction model (regression coefficients) to the composite of geographies
to compute estimated nekton density across the Galveston Bay complex. All habitat and

environmental covers were developed in geographic coordinate system.

Validation
NMFS drop sample data from Matagorda, San Antonio, and Aransas Bays were

used to validate prediction models from Galveston Bay (Figures 9-11; Table 1) and to test
the application of the models in a broader geographic context. Density data from each
bay system were averaged in the same manner as the Galveston Bay data. Density
estimates were then generated for each bay using the Galveston Bay model and compared
to the observed density estimates using linear regression. Using this approach, the
assumption was made that species modeled in Galveston Bay respond similarly to the
range of biotic/abiotic factors in the validation bays. It was also assumed that the set of
possible habitat combinations (salinity, temperature, vegetation type, etc.) were similar

for all estuarine systems in this study.

Table 1 Sample statistics for neighboring estuaries used in model validation.

Validation Bay # of Samples Months Sampled Habitats Sampled

Aransas Bay 192 May, Sept ME, SAV, SNB
Matagorda Bay 336 May, June, Aug-Nov ME, SNB
San Antonio Bay 232 May, Sept-Nov ME, SAV, SNB

17
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RESULTS

Geographic Data

To test whether the annualized salinity geographies used in the spatially explicit
models were representative of actual salinities, measitu salinities from sampling
locations were compared with annualized salinities (Figure 12). A strong correlation
existed between mean situ salinity (collected with drop samples) and annual salinity,

r’=0.89, p<0.0001.
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Figure 12 Comparison of mean in situ salinity observations from NMFS sampling
stations and mean annual salinity in Galveston Bay. Numbers by each point indicate
number of samples taken within each salinity zone.
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Submerged nonvegetated bottom (SNB) to 1 m depth was the most evenly
distributed habitat type included in the analysis, and the most abundant - approximately
476 knf (Table 2). There was slightly less SNB available in the western reaches of upper
Galveston Bay relative to the remainder of the system. Marsh edge (ME) habitat was
most abundant in East and West Bays. ME was relatively sparse in the remainder of the
system. Total estimated ME habitat available to nekton was 84 3®kapproximately
17% that of SNB. Submerged aquatic vegetation (SAV) was extremely sparse {%.5 km
with the majority distributed within West Bay. Several small patches totaling 122 km
were mapped in Upper Trinity Bay (Figure 7, Table 2). Inner marsh habitats were most
abundant in East Bay and the northern shore of West Bay; this habitat totaled

approximately 303 kfn

Table 2. Estimated area (kfhof each habitat/salinity combination in Galveston Bay,
Texas. ME is NWI classification of all regularly flooded emergent vegetation and Inner
Marsh is all irregularly flooded emergent vegetation.

(0-1) (1-5) (5-15) (15-25) (>25) )3
ME (NWI) 1.36 6.77 9.35 33.64 33.84 84.96
SAV 0.19 1.03 0.01 0 3.27 4.50
SNB (to 1m) 19.54 60.52 140.41 87.16 168.64 476.27
Inner Marsh (NWI) 20.59 98.34 85.61 57.93 40.95 303.42
b2 41.68 166.66 235.38 178.73 246.7 869.15
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Brown shrimp Farfantepenaeus aztecus

Densities of brown shrimp were highest during April through September (Figure
13), and data from these months were used to model habitat use patterns. A total of
38,249 individuals were captured exhibiting a mean length of 28.4 mm within the subset.
The model included season, habitat type, and salinity zone as statistically significant

regressors, all of which were discrete. The model can then be expressed as:

Y-Intercept Season Habitat Salinity
-0.532 (0-1 ppt)
-0.137 (FA) 0.135 (ME) -0.066 (1-5 ppt)
0.501 + 0.109 (SP) + 0.153 (SAV) +  0.068 (5-15 ppt)
0.028 (SV) -0.288 (SNB) 0.194 (15-25 ppt)

0.335 (>25 ppt)

where the additive regressor coefficients are included for each variable; SP=spring (April,
May); SU=summer (June-August); FA=fall (September); ME=marsh edge;
SAV=submerged aquatic vegetation; SNB=submerged nonvegetated bottom; and salinity
(parenthetical corresponds to NOS’s Estuarine Living Marine Resources salinity
classification). Analysis of variance for the whole model fit is summarized in Table 3.
The model predicts highest brown shrimp densities within the >25 ppt salinity zone
(Figure 14). SAV yields the highest estimates within this zone (13).5%&nwell as the
highest overall model estimates. ME predictions were similar to those observed in SAV,
and the highest predicted densities were in the >25 ppt salinity zone*118NB
estimates were significantly lower than SAV and ME in this zone, yielding a maximum
density of 3.5/rh Highest density estimates occurred during the spring (April-May) and
the spatial distribution revealed highest densities within SAV and ME habitats in

Christmas and West Bays (Figure 15). Christmas and West Bay exhibit mean annual
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Figure 13. Monthly brown shrimp (Farfantepenaeus aztecus) mean density and standard
error in Galveston Bay, Texas (1982-1997). Shaded area (April-September) selected as
time frame most appropriate to subsample data for the development of predictive models.

salinities > 25 ppt and support the greatest area of ME and SAV habitat in the bay. All

habitats exhibited a general decline in estimated density as salinity decreased.

Table 3. Analysis of variance for least squares multiple regression model to predict
seasonal brown shrimp density in Galveston Bay, Texas. Statistical significance at
a=0.05 denoted by asterisk.

SUMMARY OF FIT: Radjusted =0.83 Observations (Sum Weights) = 35(2252)

Mean = 0.68 Root Mean Square Error = 1.00
Source DF Sum of Squares Mean Square F Ratio
Model 8 173.49 21.69 21.61
Error 26 26.09 1.00 Prob>F
Total 34 199.58 <0.0001*
EFFECTS TEST
Source DF Sum of Squares F Ratio Prob>F
Season 2 18.79 9.36 <0.0001*
Habitat 2 98.96 49.30 0.0009*
Salinity 4 52.41 13.05 <0.0001*
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Figure 14. Highest seasonal predicted brown shrimp density (spring, April-May) by
habitat/salinity zone.

Inner marsh mean density patterns were similar to the model results with highest
densities in the >25 ppt salinity zone (1-5 zone — 0.2Am5 zone — 2.5/M15-25 zone

— 1.8/nt; >25 zone — 3/R). No data were available for 0-1 ppt salinity zone.

White shrimp Litopenaeus setiferyis

White shrimp exhibited peak densities in shallow habitats during late
summer/early fall, while mean densities were severely reduced during the winter and
spring (Figure 16). Comparison with the median of monthly mean densities indicated
that June—November should be used in model development. During this period 30,529

white shrimp were captured having a mean length of 31.5 mm. The resulting model
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Figure 16. Monthly white shrimp (Litopenaeus setiferus) mean density and standard
error in Galveston BayTexas (1982-1997). Shaded area (June-November) selected as
time frame most appropriate to subsample data for the development of predictive models.

produced from the subset yielded only two significant discrete regressors, habitat type

and month.

The model is expressed as:

Y-Intercept Habitat Month
0 (June)
0 (ME) 0.166 (July)
0.437 + -0.341 (SAV) + 0.446 (August)
-0.288 (SNB) 0.416 (September)

0.252 (October)
0.024 (November)

where the additive regressor coefficients are included for each variable; ME = marsh
edge; SAV = submerged aquatic vegetation; SNB = submerged non-vegetated bottom.

Analysis of variance for the whole model fit is summarized in Table 4. White shrimp
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distribution or abundance was not significantly related to salinity although densities were
generally higher in the midbay region. White shrimp densities were not significantly
different between seasons (summer = June, July, August; fall = September, October,
November), however, when seasons were broken out into their monthly components a
temporal response was statistically evident. Density estimates for white shrimp were

highest in ME while SNB and SAV density estimates were comparable with SAV being

Table 4. Analysis of variance for least squares multiple regression model to predict
seasonal white shrimp density in Galveston Bay, Texas. Statistical significance at
a=0.05 denoted by asterisk.

SUMMARY OF FIT: R?adjusted =0.80 Observations (Sum Weights) = 18(1957)

Mean = 0.51 Root Mean Square Error = 1.22
Source DF Sum of Squares Mean Square F Ratio
Model 7 110.54 15.79 10.65
Error 10 14.83 1.48 Prob>F
Total 17 125.37 0.0006*
EFFECTS TEST
Source DF Sum of Squares F Ratio Prob>F
Month 5 55.84 7.53 0.0036*
Habitat 2 42.47 14.32 0.0012*

slightly lower (Figure 17). White shrimp within SAV were mainly found in Christmas
Bay. White shrimp densities within SNB exhibited no clear spatial trends with the
exception of no catch in the oligohaline (0-0.5 ppt) salinity zone. Model estimates were
mapped using the highest monthly estimates - August: ME =%.SMB = 2.9/m, and

SAV = 2.4/nt (Figure 18). Mean densities for inner marsh were low across the bay and

highest values of 1/iwere observed in the lower bay.
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Predicted Density (#/fh

SAV SNB
Habitat

Figure 17. Highest monthly (August) predicted white shrimp density by habitat

Pinfish (Lagodon rhomboidés

Peak pinfish densities in shallow Galveston Bay habitats occurred during
February-April (Figure 19). Pinfish began leaving shallow habitats in May and were
almost absent from these habitats from August-January. The period from February-July
was selected as the most appropriate months to develop predictive models. A total of
7,757 pinfish were captured in drop samples during February-July with a mean length of
37.3 mm standard length. The model produced from this subset included season, salinity

zone, and habitat as significant discrete regressors and is expressed as:

Y-Intercept Season Habitat Salinity
0 (0-1 ppt)
0.070 (SP) -0.012 (ME) 0.098 (1-5 ppt)
0.011 + -0.029 (SU) + 0.207 (SAV) + 0.264 (5-15 ppt)
-0.041 (W1) -0.195 (SNB) 0.288 (15-25 ppt)
0.209 (>25 ppt)
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where the additive regression coefficients are included for each variable; Wi=winter
(February); SP=spring (March, April, May); SU=summer (June, July). Analysis of
variance for the whole model fit is detailed in Table 5. The model predicted highest
pinfish densities within 15-25 ppt SAV habitat. Density estimates in SAV within the 5-
15 ppt and >25 ppt salinity zones were slightly lower (2.5 and 2.téspectively); all

three zones were in the uppef"2tercentile of the data distribution (Figure 20). Pinfish
density estimates in ME were considerably lower than SAV; densities were highest in the
15-25 ppt salinity zone (1.2Anand slightly lower in the 5-15 ppt (1.19vand >25 ppt
salinity zones (0.9/A. All SNB density estimates were no greater than G.%nu
estimates for SNB in waters <5 ppt were zero. Mean pinfish densities in inner marsh
habitats were low and were greatest in the 15-25 salinity zone (6)1Blighest density

estimates during spring were used to map pinfish spatial distribution (Figure 21).
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Figure 19. Monthly pinfish (Lagodon rhomboides) mean density and standard error in
Galveston Bay, Texas (1982-1997). Shaded area (February-July) selected as time frame
most appropriate to subsample data for the development of predictive models.
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Table 5. Analysis of variance for least squares multiple regression model to predict

seasonal pinfish density in Galveston Bay, Texas.

denoted by asterisk

Statistical significarece0 &5

SUMMARY OF FIT: R?adjusted = 0.66

Observations (Sum Weights) = 35(2060)

Mean = 0.22 Root Mean Square Error = 0.78
Source DF Sum of Squares Mean Square F Ratio
Model 8 45.77 5.72 9.39
Error 26 15.83 0.61 Prob>F
Total 34 61.61 0.0001*
EFFECTS TEST
Source DF Sum of Squares F Ratio Prob>F
Season 2 4.74 3.90 0.0331*
Salinity 4 7.15 2.93 0.0397*
Habitat 2 32.70 26.84 <0.0001*

Predicted Density (#/f

oSNB mME mSAV

5-15
Salinity Zone

15-25 >25

Figure 20. Highest seasonal predicted pinfish density (spring, March-May) by
habitat/salinity zone
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Validation -Brown shrimp

Densities predicted in Matagorda, San Antonio, and Aransas Bays based on the
Galveston Bay model were closely related to observed densities in these’b&y61y
p< 0.0001) (Figure 22). Independently, Matagorda Bay had the tightest %it,0.71.2,
p= <0.0001) followed by Aransas Bay, - & 0.67, p= 0.0043) and San Antonio Bay, -
(r*= 0.654, p= <0.0001). Highest densities were observed within high salinity (>15 ppt)
SAV habitats in Aransas and San Antonio Bays, while ME habitats in waters >15 ppt

supported higher densities in Matagorda Bay (no SAV habitats were sampled within this

system).
12
a a nME
107 SAV
x SNB
8_
6_
&
E 4
P All Bays Aransas Bay
@ 27 N=63 (773 N=9 (200)
% _ 2—
2 0_||ﬂ“ o 2=0.61 [ 2=0.67
8 (-]
o 107
3 o
T 8] = o
6_
4
Matagorda Bay San Antonio Bay
2 N=25 (336) N=29 (237)
Fox 2=0.71 # 2=0.65
g T T

0n] 1 T T 1 T T T T
0] 2 4 6 8 10 O 2 4 6 8 10 12

Observed Density (#/A)
Figure 22. Relationships between observed densities of brown shrimp in validation bays
and predicted densities using model derived in Galveston Bay. For each relationship, the

r? is shown for the least squares regression with the number of observations (N) and the
total number of samples in parentheses.
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White shrimp

The model developed for Galveston Bay white shrimp yielded a significant fit
with the composite validation dataset (p= 0.007) although the variance explained was
low, r*= 0.35 (Figure 23). Independently, Matagorda Bay provided the best fit with the
Galveston model (p= 0.0027=r0.76). White shrimp densities in Matagorda Bay were

highest in ME habitats while no data were available for SAV comparisons. White shrimp

were not abundant in San Antonio Bay, and the model did not fit well (p= 0.6384, r

0.03).
8
All Bays Aransas Bay oME
N=17 (337) N/A SAV
6-,r2=0.35 o xSNB
&
E
2
‘»
c
8 % x X
gl Matagorda Bay San Antonio Bay
2 N=8 (201) L | N=9(136)
S 6 =077 o r2=0.03
a
4_ a
x X
2 g
o X
X %
0 T T 1 T T
0 4 6 0 2 4 6

Observed Densjt(#/m?)

Figure 23. Relationships between observed densities of white shrimp in validation bays

and predicted densities using model derived in Galveston Bay. For each relationship, the
r? is shown for the least squares regression with the number of observations (N) and the
total number of samples in parentheses.
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Aransas Bay was excluded from the validation analysis because only three observations

overlapped with the temporal subset from the Galveston model.

Pinfish

The model derived for pinfish fit well in Matagorda and San Antonio Bays.
Aransas Bay was not included in the analysis due to limited samples within the temporal
overlap of the datasets. The model fit significantly (p=<0.00840.46) with the

composite density data from Matagorda and San Antonio Bays (Figure 24). Individually,

3
o ME
SAV
x SNB
2_
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¥
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= All Bays
2 N=31 (311 Aransas Bay
x x
3 jo* o 12=0.44 N/A
©
)
Q
©
g
o 2
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n -
Matagorda Bay San Antonio Bay
N=17 (210) N=14 (101)
2=0.43 a ¥ r2=0.52
[ I [
2 0 1 2 3

Observed Density (#/A)

Figure 24. Relationships between observed densities of pinfish in validation bays and
predicted densities using model derived in Galveston Bay. For each relationship, the r
is shown for the least squares regression with the number of observations (N) and the
total number of samples in parentheses
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the model fit best in San Antonio Bay (p=0.00Z30r55), and explained variance was
slightly lower in Matagorda Bay (p=0.002550.47). Highest densities were observed in
high salinity (>25 ppt isohaline) ME habitat in both Matagorda and San Antonio Bays.

Densities were comparable but slightly lower in San Antonio Bay high salinity SAV.

DISCUSSION

Previous attempts to define linkages between nekton and habitats included the
development of Habitat Suitability Index (HSI) models by the U.S. Fish and Wildlife
Service (FWS 1980a, 1980b, 1981). These models were developed using qualitative
methods based on expert opinion but with little or no field validation. Brown et al.
(1997) and Christensen et al. (1997) developed HSI models for various species that were
integrated into a GIS to produce a spatial view of relative suitability in geographic space
through time. Florida Marine Research Institute (FMRI) and NOS/NCCOS/CCMA
cooperatively developed more quantitative HSI models using fisheries-independent
monitoring data (trawls, etc.) as an approach to define EFH in Florida estuaries (Rubec et
al. 1999). However, the above attempts to quantify HSI models have been based on
sampling gear that were not appropriate for the highly structured habitats found in
shallow estuarine areas (Rozas and Minello 1997). The intent of this study was to
elucidate spatial patterns of habitat use by analyzing density data collected with enclosure
gear from shallow estuarine habitats within Galveston Bay. Distribution patterns were
further discriminated by determining how physical processes (salinity and temperature)
influence habitat utilization. These data should provide evidence that not all habitats

within a system are equally essential in supporting fishery species.
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Various factors are considered important in defining nursery areas for juvenile
estuarine-dependent organisms. Specific combinations of physico-chemical conditions
and cyclic primary production that are related to food availability, growth, and sanctuary
from predation often define optimal environments (Miller and Dunn 1980). Barry et al.
(1996) considered prey availability to ben@cessary component defining the nursery
function of estuarine habitats. Shrimp and blue crab production has been correlated with
the availability of salt marsh habitat in estuaries (Turner 1977; Zimmerman et al. 2000).
ME and SAV availability was greatest in Christmas and West Bays where maximum
densities of brown shrimp and pinfish occurred. Brown shrimp utilized both habitats
similarly, while pinfish selected SAV and white shrimp selected ME. Inner marsh was
not highly utilized by white shrimp or pinfish and brown shrimp exhibited moderate
utilization (2.5-3/m) in salinities > 15 ppt.

Most estuarine nekton are adaptable to the highly dynamic environmental
conditions exhibited within estuaries. Estuarine organisms are commonly found in a
wide range of salinities and temperatures and are most affected by sudden changes in
these environmental conditions (Longley 1994; Christensen et al. 1998). Metabolism,
activity, and reproductive endocrine function have been reported to be affected by
salinity (Holliday 1971; Thomas and Boyd 1989), and some organisms, such as the
Eastern oysteiCrassostrea virginicadepend on salinity variability to control predators
(Longley 1994). Salinity effects were significant in brown shrimp and pinfish models.
Brown shrimp were captured throughout the bay, but highest densities were observed in
the lower bay. White shrimp were abundant throughout the bay except in the lowest (O-

0.5 ppt) salinity zone. Pinfish distribution was restricted to the mid and lower bay.
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These species and others are noted for their ability to accommodate low salinities (Zein-
Eldin 1989; Gifford1962; Tagatz 1971), and other factors or combination of factors may
be more important in influencing their distribution. Important prey items such as benthic
infauna are most abundant in lower Galveston Bay (Zimmerman et al. 1990) and are
important dietary components for brown shrimp, white shrimp (Zein-Eldin and Renaud
1986; McTigue and Zimmerman 1991, 1998), and pinfish (Stoner 1980; Stoner and
Livingston 1984). It appears that indirect salinity affects and the greater availability of
vegetated habitats in the lower bay may work synergistically to provide attractive nursery
areas for brown shrimp and pinfish. Both brown shrimp and pinfish selected SAV, which
was most abundant in the lower bay.

White shrimp did not exhibit a significant response to salinity in Galveston Bay,
however, densities were generally greatest in the midbay region. Gunter et al. (1964)
concluded that white shrimp were most abundant in waters < 10 ppt and salinity was the
limiting factor to their abundance and distribution. Other authors (Perez-Farfante 1969;
Zein-Eldin and Griffith 1969; Lindner and Cook 1970; Copeland and Bechtel 1974)
observed no relationship between abundance and salinity. Zimmerman et al. (1990)
suggest that salinity may have an indirect role in determining white shrimp abundance
and that rich deposits of organic material transported from the upper bay support high
abundance’s of midbay nekton and infauna populations. As such, midbay habitats would
provide adequate trophic resources and reduce competition with brown shrimp.
Competitive pressures between the two penaeids are alleviated by staggered temporal
utilization of estuarine habitats. Also, white shrimp are omnivorous and rely more on

plant material (McTigue and Zimmerman 1991, 1998) than do brown shrimp. In
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laboratory experiments, Giles and Zamora (1973) observed white shrimp displacement
from vegetated habitats by brown shrimp. This direct competitive displacement may
have an affect on white shrimp utilization patterns in areas where the species are
sympatric, although Minello and Zimmerman (1985) did not observe this displacement
behavior. All three species exhibited a pronounced decline in the utilization of habitats in
the less saline portions of the bay (< 5 ppt). Forage organisms in this area are
significantly reduced compared to middle and lower bay populations due to prolonged
exposure to low salinity (Zimmerman et al. 1990). Moreover, vegetated habitats are
extremely limited in this portion of the Galveston Bay system.

Currently, estuarine EFH for most federally managed species in the Gulf of
Mexico exists as mapped estimates of relative abundance developed from the NOS
Biogeography Program’s Estuarine Living Marine Resources (ELMR) database (Monaco
and Christensen 1998). ELMR provides relative abundance distributions for 44 fish and
invertebrate species in Gulf of Mexico estuaries, which are ranked: not present, rare,
common, abundant, and highly abundant. Relative abundance across seasonal salinity
gradients were assigned based on literature review, fishery independent monitoring
CPUE data, and expert review (Christensen and Monaco 1998; GMFMC 1998). EFH for
these species was selected to consist of those areas mapped as common, abundant, and
highly abundant. Presently, the entire Galveston Bay System is considered EFH for
brown shrimp and white shrimp (Figures 25-26). An FMP for pinfish does not exist, but
EFH for this species would also consist of the entire bay system (Figure 27). Models
generated using density data in this report should result in a more spatially resolved

delineation of EFH (in waters <1 m depth). In comparison, the areas mapped with highest
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densities for these taxa are significantly reduced from the areas mapped using ELMR
data.

Comparisons of the Galveston Bay models with observed data from Matagorda,
San Antonio, and Aransas Bays yielded variable results. Brown shrimp and pinfish
models fit well in all estuarine systems, suggesting that the empirical models are not
estuary-specific. However, these models are still probably constrained within a larger
geographic construct (i.e. regional). This conclusion is consistent with Rubec et al.
(1999), who used NOS Biogeography Program’s spatial Habitat Suitability Modeling
(HSM) methodologies to demonstrate the transferability of HSM models across estuaries.
These results are promising, as previous efforts to predict nekton abundance with
empirical models have proven difficult. Darnell and McEachran (1989) were
unsuccessful in applying empirical predictive models for larval and juvenile nekton
abundance in locations within the same estuary. The white shrimp model fit well only in
Matagorda Bay, but the results may be misleading due to limited observations. The lack
of fit that was observed in San Antonio Bay may reflect differences in population size
between the two systems and spatial and temporal utilization dynamics. The center of
white shrimp abundance has been reported to extend eastward from Galveston Bay to
Mobile Bay (Muncy 1984), and white shrimp may be naturally less abundant along the
mid and southern coast of Texas. San Antonio Bay’s southerly location may promote
different seasonal patterns that affect timing of recruitment or emigration. Several
authors have positively correlated white shrimp abundance with freshwater inflow
(Gunter and Hildebrand 1954; Gunter and Edwards 1969; Mueller and Matthews 1987),

and significant differences in freshwater inflow are apparent between the two systems
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(Orlando et al. 1993). For these reasons, great care should be taken in applying the
model results to different estuarine systems.

Enclosure data used to build the predictive models were restricted to shallow
waters (generally < 1 m). Thus, utilization patterns of deeper bay waters were not
modeled. These deeper waters are generally inhabited by larger individuals, which have
left the shallow nurseries and are preparing to emigrate from the bay system (Zilberg
1966; Cameron 1969; Lindner and Cook 1970; Minello et al. 1989). In addition, density
data from oyster reefs and inner marsh were limited and not used in the models. These
habitats are abundant throughout the bay and may provide essential habitat for managed
fishery species (Wenner et al. 1996; Coen et al. 1999; Minello 1999).

To examine relative abundance and distribution patterns in open bay waters,
catch-per-unit-effort (CPUE in animals/10wf area swept) data from Texas Parks and
Wildlife Department (TPWD) trawl surveys were mapped along with predictive model
results for Galveston Bay. These trawls (3.8 cm stretched mesh) do not efficiently
capture small size classes (< 50 mm TL) of nekton, thus, the trawl analysis only provides
information on larger size classes (mear89 mm). However, few individuals in smaller
size classes of shrimp or pinfish are likely to inhabit deeper bay waters; density estimates
of small nekton including shrimp decline rapidly with depth (Mock 1966; Baltz et al.
1993; Rozas 1994; Rozas and Zimmerman in press). These CPUE estimates of
animals/10 rhare likely underestimates of nekton density; catch efficiency for shrimp in
trawls can be roughly estimated at 20% (Zimmerman et al. 1984; Rozas and Minello
1997). Assuming that this catch efficiency is stable, actual densities of large juveniles

and subadult shrimp would be around five times larger than the values shown in Figures
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28 and 29. Despite these difficulties in data analysis, the trawl data indicate that brown
shrimp in deeper waters of the bay were most abundant during May-July and did not
display an obvious spatial distribution pattern (Figure 28). White shrimp caught in trawls
were most abundant in September-November and generally appeared to be more
abundant in lower salinity areas of the bay (Figure 29). Similar patterns were observed in
TPWD trawl data from San Antonio Bay, TX; white shrimp were significantly more
abundant in fresher (<15 ppt) waters of that system (Longley 1994). Additionally, larger
penaeids (>50 mm) were captured most frequently on mud substrate (Lee et al. 1990) in
San Antonio Bay. Pinfish were poorly represented in trawl samples, but those captured
were almost exclusive to West Bay (Figure 30). Abundance estimates from TPWD trawl
data were much lower than densities measured in shallow water habitats with enclosure
samplers, and this difference may be partially due to low trawl catch efficiency for these
species (Rozas and Minello 1997). A close up view of Figures 28-30 are provided in
Appendices 1-9.

Ideally, EFH efforts should be based on a large comprehensive density database
for estuarine habitats and associated environmental data created for Gulf of Mexico
estuaries. This database can be integrated into a user-friendly GIS system to display and
analyze the data. When consultations on project impacts are needed, habitats can be
visualized in a GIS and managers can assess the possible extent of site-specific impacts to
the habitat and the organisms that utilize it to provide a basis for management decisions.
As such, the modeling approach discussed here will serve as a useful assessment tool for
fishery and habitat managers. This approach also can be used to assess system-wide

responses to anthropogenic activities, including: 1) freshwater flow diversions and
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reservoir construction, which significantly alter the volume and/or timing of freshwater
delivery to an estuary; 2) creation or deepening of navigation channels; and 3) large-
scale dredge material disposal site construction (Orlando et al. 1993). The success of
transferring the brown shrimp model to adjacent estuarine systems indicates that these
models can possibly act as “simulated” data in systems that lack sufficient density data.
Continued monitoring in Galveston Bay and other Gulf estuaries is necessary to refine
existing models and generate data for other federally managed species. Continued
research and the collection of additional density data from other estuaries will further
support the EFH mandate. Level 3 data, which evaluates how particular habitats
influence survival, growth and reproductive dynamics of estuarine organisms, are needed
to effectively define EFH as provisioned in the MFSCMA. In addition, more inter-estuary
comparative studies are needed to determine, if and how, habitat utilization patterns differ
throughout a species range. For example, some Florida estuaries contain mangroves,
calcium carbonate rock formations, and sponge communities that may be important

habitats for managed species.

NEXT STEPS

Refinements to the models are currently being explored. Possible interactions
between salinity and habitat are being examined. In addition, a substrate layer has been
developed for Galveston Bay and utilization patterns within substrate types are being
tested. A method is also being developed to more accurately delineate habitat types
within the NWI E2ZEM1N classification. Evidence exists that marsh edge habitats are

used more frequently by some estuarine organisms than inner marsh habitat (Minello et
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al. 1991; Baltz et al. 1993; Peterson and Turner 1994), thus a more accurate
representation of these habitats are needed. Edge marsh is impossible to delineate using
the NWI data due to the size of the minimum mapping unit. To estimate marsh edge,
NWI data will be geo-referenced to USGS Digital Orthophoto Quarter Quadrangle
(DOQQ) files, which have one meter resolution. Subsequently, area estimates for ME,
inner marsh and SNB can be calculated. Randomly selected 1/4-hectare subsamples from
within the DOQQ’s are classified and categorized as to habitat type. These subsamples
are then superimposed on the NWI layer for delineation. A preliminary analysis of the
NWI emergent wetlands located at EImgrove Point in East Bay indicated that these
wetlands were composed of 42% ME, 30% SNB, and 28% inner marsh. Completion of
this analysis will allow precise calculations of population estimates. Using the habitat
area estimates from the NWI based habitat coverages, brown shrimp population size was
determined by multiplying habitat area estimates (Table 2) by the respective density
predictions from the model. This calculation estimated the total brown shrimp population
in shallow water habitats at approximately 2.2 billion.

Historically, the management of marine fisheries habitat has been a secondary
concern of state and federal fisheries managers (Haddad 1997). The methods described
here have provided evidence that estuarine habitats are discriminately utilized by the
target species. The inclusion of stochastic processes, such as salinity, can be useful in
developing predictive models but more data are needed to determine how other
parameters may influence EFH. Although this method exhibits great promise, more
comparative studies are needed for other habitats and other managed species to better

understand the linkage between habitat utilization and fishery production.
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APPENDICES

Appendix 1.

Appendix 2.

Appendix 3.

Appendix 4.

Appendix 5.

Appendix 6.

Appendix 7.

Appendix 8.

Appendix 9.

Zoom in of predicted brown shrimp density and observed TPWD
otter trawl CPUE — West Galveston Bay.

Zoom in of predicted brown shrimp density and observed TPWD
otter trawl CPUE — East Galveston Bay.

Zoom in of predicted brown shrimp density and observed TPWD
otter trawl CPUE — Galveston and Trinity Bays.

Zoom in of predicted white shrimp density and observed TPWD
otter trawl CPUE — West Galveston Bay.

Zoom in of predicted white shrimp density and observed TPWD
otter trawl CPUE — East Galveston Bay.

Zoom in of predicted white shrimp density and observed TPWD
otter trawl CPUE — Galveston and Trinity Bays.

Zoom in of predicted pinfish density and observed TPWD
otter trawl CPUE — West Galveston Bay.

Zoom in of predicted pinfish density and observed TPWD
otter trawl CPUE — East Galveston Bay.

Zoom in of predicted pinfish density and observed TPWD
otter trawl CPUE — Galveston and Trinity Bays.

61



‘Aeg uoisaneo

1S8M - INdD IMel) 1eno dMd.L paAiasqo pue Alsuap dwiuys umoiq paldipaid Jo ul wooz * T xipuaddy

90°0-0
( uotm)
ANdO IMelL AMdL

0STT-Tv 9l
ro-LvERT

LV'E-€9'T
€9'T-85°0
8s'0-0 M

(z wr#) AusuaQ
paldipald ajdwes doig

UHON

62



1Se3 - INdD IMel J1aNo AMdL paaIasgo pue Alisuap dwiys umolg palolpald Jo ul wooz

‘Aeg uolsanes
"2 Xipuaddy

dNdO mell dMdL

0S5 TT-T7 9l
TVo-Lv' e
LV'E-E9T
€9°'T-85 0
85'0-0lM
(z wyy) Ausuaqg
_omﬁm._omhn_ o_aEmwaoE

SIS18WO|IY

- W\ﬂ T
[
o 8

63




‘'sfeg Aluu] pue
UO1SOA[RD - JNdD M. 1810 dMdL panlasqo pue Ansusp dwlys umoiq paldipald Jo ul wooz € Xipuaddy

S 0

e
SEENY]

(z wotT/4) . . s
3ANdO IMel| dMdL 8

emaingle] |
A AAN

LV'E-€9'T
€9°'T-85°01
85°0-0

(z wr) Ausuag
paipald ajdwes doiqg

ULION

64



‘Aeg uoisanes
1S9\ - INdD IMe 1810 AMdL paAlasqo pue Alisusp dwuys anym payoipald Jo ul wooz {7 xipuaddy

S

dNdO mell dMdL

05°9-86' Il

86'2¢-9r' ¢
91'¢-09'T

0S'T-8" 0

8i'0-0 Il

(z w) Aisuaq o

paidipald ajdwes doig . : A

UHON

65



‘Aeg uolsanes

1seJ - JNdD men J1ano dMdL Paniasqo pue Ausuap duwilys auym paloipaid Jo ul wooz © G Xipuaddy

(z WoT/4)

3ANdD IMell AMdL
05'9-86 Il
86°C-9v'ch

9'C-0S'1
0S'T-87' 0
8v"0-0 [l

(z wr) Ausuaq
paldipald ajdwes doig

S

0

|

SI313WO|Iy

66



'sfeg AluiL
pue uoI1saneo - JNdD Med) 1830 dMd.L pPaAIasqo pue Alisuap dwiiys alym pajoipald Jo ul wooz 9 Xipuaddy

S 0

|
SEENDY

3aNdD IMell AMdL m

05'9-s6'ZlH T e @
86'2-9V' 2
9¥'2-0S'T
05'T-87" 0
sv"0-0 M
(z w) Aisuaq
pa1dipald ajdwes doig

ULION

67



UoISaA[RD 1S3/ - INdD IMel) 1a10 dMd.L PaAlasqo pue Ausuap ysiuid paioipald Jo ul woozZ *

‘Reg
/ Xlpuaddy

(z WOt/
aNdD ImelL dMmdL

cszve1il
veT-0L 000
0L0-T¥'0
T'0-0T'0
0T"0-0 M
(z wp) AisuaQ
paldipald ajdwes doiqQ

UHON

68



‘Aeg uoisanes 1seq - JNdD IMed] Jano dMdL PanIasqo pue Alsuap ysiuid paioipald jo ul wooz g Xipuaddy

S m " 3

SI218WO|IY

(z WoT/#)
aNdD ImelL dMdL

zszveTil
vZ'T-0L'0m

0L'0-T¥'0
T°0-0T 0
0T°0-0 M

(z wr) Aisuaq
palolpald ajdwes doiq

ULION

69



'sAeg Alun
pue UOISaAeD) - JNdD [Mel] J1a10 AMdL panIasqo pue Ausuap ysiuid paioipaid Jo ul wooz 6 xipuaddy

70

€20¢T0 @
¢T'0-80°0 o » 1
0o -

FEENOY

80°0-G0’
S0'0-T0°0
1000 °

( Au0T/4)
3ANdO ImelL AMdL

AN A | .
vZ'T-0L'000
0L0-T¥'0
T¥'0-0T' 0
OH0-0. 4 4 .nm._.......l 7
(z wyy) Aisuag ap "
palipald ajdwes doiq i

ULION




	MODELING NEKTON HABITAT USE IN
	AN APPROACH TO DEFINE ESSENTIAL FISH HABITAT (EFH)
	EXECUTIVE SUMMARY
	TABLE OF CONTENTS
	LIST OF TABLES
	LIST OF FIGURES

	INTRODUCTION
	METHODS
	Geographic Setting
	Data Collection and Composition
	Habitats
	Statistical Analyses
	Spatial Framework
	Validation

	RESULTS
	In Geographic Data
	Brown shrimp - Farfantepenaeus aztecus
	White shrimp (Litopenaeus setiferus)
	Pinfish (Lagodon rhomboides)
	Validation Brown shrimp
	Validation White shrimp
	Validation Pinfish

	DISCUSSION
	NEXT STEPS
	REFERENCES
	APPENDICES Figures

